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ABSTRACT 
Listening experiments were conducted with a pair of vertically arranged loudspeakers.  A group of subjects 
measured the level of delayed height channel signal at which any subjective effects of the signal became completely 
inaudible (masked threshold) as well as that at which the perceived sound image was localised fully at the lower 
loudspeaker (localised threshold), at nine different delay times ranging from 0 to 50ms.  The sound sources were 
anechoic recordings of bongo and cello performance excerpts.  At the delay times up to 5ms, source type did not 
have a significant effect for both threshold results and neither threshold varied significantly as the delay time 
increased.  In this time range the average level reduction required for a full image shift was 6~7dB while that for 
masking was 9~10dB.  At the higher delay times, on the other hand, both thresholds decreased as the delay time 
increased and the difference between the two sources in both threshold results was significant.  Furthermore, the 
relationship between the two thresholds varied depending on the source type.   
 
1. INTRODUCTION 
1.1. Background  
In recent years there has been growing interest among 
audio engineers in developing high-order multichannel 
reproduction formats employing height channels for 
improved spatial impression.  Examples include 10.2 
[1], 22.2 [2], Dolby Pro-logic IIz [3] and Auro 3D [4].  
These new formats require new content production 
techniques such as microphone array, rendering and 
upmixing techniques, and in order to develop such 
techniques the basic psychoacoustic principles of 
vertical auditory perception should be understood first. 
 
In the context of two-channel horizontal stereophony, 
sound image localisation largely relies on the 
relationship between interchannel time difference 
(ICTD) and interchannel level difference (ICLD).  If 
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ICTD is below around 1.1ms, the summing localisation 
will be effective [5] and a trade-off between ICTD and 
ICLD for locating the sound image at a certain angle 
will be possible [6] [7].  Beyond 1.1ms, the sound 
image will appear only at the earlier sounding 
loudspeaker even if the levels of the signals from both 
loudspeakers are equal and this will continue until the 
ICTD reaches its echo threshold, which is where two 
separate images begin to be perceived.  This 
phenomenon is called the precedence effect [8].   
 
Although these principles became the basis for 
developing many existing multichannel microphone 
techniques [9] [10] [11], it does not seem to be possible 
to apply similar principles to vertical techniques.  The 
main reason for this is that ICTD and ICLD generated 
by vertically arranged channels would hardly produce 
significant interaural (binaural) differences.  This is 
particularly true when the sound sources are located in 
the median plane.  In this case, binaural difference cues 
would not be reliable for the localisation of sound 
source but spectral cues generated by the pinna, head 
and torso would play the main role for that as reported 
by many researchers [12] [13] [14] [15].  With regard to 
the summing localisation in the vertical plane, it was 
found in [16] that localisation by pure ICLDs was 
unstable for sound images perceived between front and 
elevated loudspeakers placed in the median plane.  
There have been, to the author’s knowledge, no 
controlled localisation studies using ICTDs within the 
range of summing localisation (i.e. < 1.1ms).  Litovsky 
et al [17] conducted localisation experiments using 
loudspeakers placed directly in front at 0°, behind and 
overhead, and concluded that the precedence effect 
could operate even in the median-sagittal plane due to 
spectral localisation cues.  However, their experiment 
does not seem to confirm whether the sound images 
could be localised ‘fully’ at the lead direction since they 
used a forced choice method for the subjects to decide 
which of the loudspeakers used was ‘closest’ to the 
perceived location of the sound image, thus determining 
localisation ‘dominance’.  Dizon et al [18] investigated 
the aspect of localisation dominance in the median-
sagittal plane in more details and reported that the 
precedence effect in the strict sense did not operate.   
 
The ability to locate sound images fully at one 
loudspeaker would be particularly important in 
designing vertical multichannel microphone techniques.  
In acoustic recordings made in concert halls, height 
channels are most likely to be used for providing 
extended spatial impression rather than source imaging.  
In this regard, microphones employed to pick up 
ambient sounds for the upper loudspeakers should be 
able to suppress the direct sounds (i.e. interchannel 
crosstalk) sufficiently enough to avoid any unwanted 
audible effects (e.g. direct sound images unstably 
localised in between the main and height speakers rather 
than solidly at the main ones).  The issue of interchannel 
crosstalk might not be as critical in horizontal 
microphone techniques since the summing localisation 
and the precedence effect would strongly operate.  It 
was found by Lee and Rumsey [19] that interchannel 
crosstalk in ‘critically linked’ three-channel microphone 
techniques [9] decreases the easiness of localisation and 
increase perceived source width, but would have little 
influence on the perceived image location itself.  In the 
design of vertical microphone technique, however, the 
perceived effects of interchannel crosstalk and their 
relationships to ICTD and ICLD are not clearly known 
yet.  This gives rise to a question as to how the distance 
and angle between microphones should be configured.  
In addition, similar concerns about the effect of 
interchannel relationship between vertical signals can be 
raised when one tries to develop upmixing or image 
rendering algorithms for audio systems with height 
channels. 
1.2. Research Aim 
As a first step to reveal the perceived effects of 
interchannel relationship in vertical stereophonic 
imaging, the present study focused on measuring the 
masked and localised thresholds of delayed height 
channel signal as a function of ICTD.  Here the masked 
threshold determined how much level of a delayed 
secondary signal radiated by a height loudspeaker 
should be decreased with respect to that of the primary 
signal from a main (lower) loudspeaker so that the 
delayed signal could have no audible effects.  This is 
useful for understanding the perceptual strength of a 
delayed secondary signal in the vertical domain.  
Similarly, the localised threshold was defined as the 
minimum level for sound image to be localised solely at 
the position of the main loudspeaker.  If a strong 
precedence effect could operate, then no level decrease 
would be necessary.  Through statistical analysis of 
subjective data obtained, the effects of ICTD and sound 
source type on the masked and localised thresholds were 
investigated.  It was also of interest to examine the 
relationship between the two thresholds. 
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2. EXPERIMENTAL DESIGN 
2.1. Subjects 
Eight subjects participated in the listening experiments.  
They comprised staff members, research students and 
final year undergraduate students of the University of 
Huddersfield’s music technology courses.  They were 
all experienced in stereophonic critical listening. 
2.2. Physical Setup 
The listening tests have been carried out in a dry 
listening room at the University of Huddersfield.  Two 
Genelec 8040A loudspeakers were vertically arranged 
in the median plane with 0° and 30° elevation relative to 
the listener’s eye level, as shown in Figure 1.  The 
specific elevation angle was chosen to compare the 
result with that obtained from the conventional 5.1 
loudspeaker arrangement (e.g. centre loudspeaker at 0° 
and left/right at 30°).  The lower and upper loudspeakers 
always radiated primary signal and its delayed copy 
respectively.  The distance from the listener’s ear 
position to the lower loudspeaker was 1.8 metres and 
that between the lower and upper loudspeakers was 1 
metre.  To strictly examine the perceptual effect of 
ICTD, the distance from each loudspeaker to the 
listener’s ears should be identical and therefore a 
hemispherical loudspeaker arrangement would be 
required.  This aspect would be particularly crucial if an 
experiment was designed for investigating the effect of 
acoustical reflection in the context of room or concert 
hall acoustics.  However, the current experiment was 
designed in the context of stereophonic reproduction 
and the loudspeaker setup was determined based on the 
fact that most of the existing vertical reproduction 
formats employ height loudspeakers forming a vertical 
axis with the main loudspeakers. 
2.3. Stimuli 
Since the present study was designed with a particular 
interest in the reproduction of music recording, musical 
sources were considered to be more ecologically valid 
than more controlled sources like noise or tone.  Two 
sound sources of cello and bongo were chosen for the 
experiments due to their different temporal 
characteristics; bongo has a stronger transient nature 
than cello.  The sample used for each sound source was 
an anechoic recording of a performance excerpt 
(16bits/44.1kHz) taken from the Bang & Olufsen 
Archimedes project CD [20].  The waveforms of the 
source signals used for the test stimuli are shown in 
Figure 2.  For each source, a total of nine stereophonic 
stimuli were created with different ICTDs ranging from 
0ms to 50ms (0, 0.25, 0.5, 1, 2.5, 5, 10, 25 and 50ms).  
The delay was always applied to the secondary channel 
signal, which was to feed the upper loudspeaker.  The 
levels of the stimuli were calibrated to be presented at 
75dB (A) SPL in average at the listener position. 
 
 
 
        
Figure 1: Side view of the loudspeaker arrangement 
used for the experiments 
 
 
Figure 2: One-second examples of the waveforms of the 
sound sources used for the experiments 
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2.4. Test Method 
There were two separate experiments: masking and 
localisation.  In each experiment the subjects were given 
a graphical user interface (GUI) written using MAX-
MSP, which is shown in Figure 3.  They could 
simultaneously compare the sounds with and without 
the delayed height channel signal by switching between 
TEST and REF respectively, and adjust the level of the 
delayed channel from 0 to -∞dB using the slide bar with 
the main channel level kept constant at 0dB.  There 
were nine trials for each experiment and each trial 
contained one stimulus created with a certain ICTD.  
The sequences of both the experiments and the trials 
were randomised for each subject to avoid any potential 
biases.  The subjects had at least a three-hour break 
between the two experiments and were not told the 
details about the experiments until they completed them. 
 
The task for each trial in the masking experiment was to 
measure the minimum attenuation level for the delayed 
upper signal at which the signal becomes completely 
inaudible.  Similarly, the localisation experiment asked 
the subjects to find the minimum attenuation level at 
which the sound image is completely localised at the 
lower loudspeaker.  The subjects were given around five 
minutes of practice with instruction and feedback prior 
to each experiment.  They were told not to move their 
heads up and down during listening, but allowed to look 
at the loudspeakers. 
 
Figure 3: Layout of the control interface used for the 
masking experiment 
3. DATA ANALYSIS AND RESULTS 
Data gathered from the listening tests were statistically 
analysed with Repeated Measure ANOVA (RM 
ANOVA).  The results are presented in Table 1.  It can 
be observed from Table 1 (a) that when data for all 
delay times are taken into account, the main effects of 
delay time and sound source are significant for both 
masked and localised thresholds (p <0.05).   
 
The results for each threshold test and each sound 
source are given by the mean values and 95% 
confidence intervals in Figure 4.  It can be seen from 
the plots that the thresholds noticeably decrease as the 
ICTD exceeds 10ms.  However, up to 5ms the 
variations in thresholds appear to be relatively small and 
all the confidence intervals overlap.  The time range of 
0 to 5ms would be particularly relevant to microphone 
array design since it would the usual range of ICTD 
produced between two microphone signals.  From this, 
separate RM ANOVA tests were carried out for the 
delay times up to 5ms and for those beyond 5ms.  The 
results presented in Table 1 (b) and (c) confirm that in 
the low delay range (0…5ms) neither sound source nor 
delay time had a significant main effect for both 
thresholds, whereas the main effects for both variables 
were significant for both thresholds at the higher delay 
times.   
 
From these results, it would be a logical approach to 
derive an average value from all the data obtained for 
the delay times up to 5ms for each threshold test.  Table 
2 presents the overall mean values and the lower and 
upper boundary values for the overall 95% confidence 
interval, calculated with the data from both sources for 
the delay times up to 5ms.  The results are also plotted 
in Figure 5.  The average localised threshold appears to 
be in the range of 6~7dB, while the average masked 
threshold in 9~10dB. 
 
 
 
 
 
 
 
LEE Vertical Localisation and Masking
 
AES 131st Convention, New York, NY, USA, 2011 October 20–23 
Page 5 of 13 
 
 
 
 
 
 
 
 
 
 
Figure 4: Means and associated 95% confidence intervals of the threshold levels measured by the subjects as a 
function of delay time: results for each threshold test and each sound source 
Table 1: Results of Repeated Measure ANOVA performed for the data of                   
various delay time ranges 
 Delay times (ms) Threshold Variable F p 
(a) 
0, 0.25, 0.5, 
1.0, 2.5, 5, 
10, 25, 50 
Masked 
Delay time 
Sound source 
32.252 
25.560 
0.000 
0.001 
Localised 
Delay time 
Sound source 
14.960 
53.695 
0.000 
0.000 
(b) 
0, 0.25, 0.5, 
1.0, 2.5, 5 
Masked 
Delay time 
Sound source 
1.695 
4.802 
0.162 
0.065 
Localised 
Delay time 
Sound source 
0.625 
2.362 
0.682 
0.168 
(c) 10, 25, 50 
Masked 
Delay time 
Sound source 
61.417 
27.032 
0.000 
0.001 
Localised 
Delay time 
Sound source 
16.381 
34.248 
0.003 
0.001 
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Figure 5: Means and associated 95% confidence interval 
of each threshold level, obtained from the data for the 
delay times from 0 to 5ms 
 
Figure 6 plots the mean responses for the ICTDs of 
0…5, 10, 25 and 50ms to compares the general 
difference between bongo and cello for each threshold 
test.   It is obvious that bongo and cello had distinctively 
different response patterns.  Bongo appears to have 
much steeper threshold curves than cello in general.  
This is particularly true for the localisation results.  
While the threshold curve for bongo shows a radical 
decrease pattern beyond 10ms, cello has a gentle 
variation in thresholds.  Even the mean difference 
between the values for 0 and 50ms appears to be very 
small for cello.  In fact, as the results of the RM 
ANOVA performed to examine the main effect of ICTD 
in each condition (Table 3) suggest, the localised 
threshold for cello was independent of the delay time of 
the height channel signal.  Table 4 presents the results 
of T-tests performed to determine the relationship 
between cello and bongo for each ICTD.  The results 
suggest that for both masking and localisation tests, 
bongo and cello had a significant difference for the 
ICTDs of 25 and 50ms.  However, none of the 
differences for the smaller ICTDs was significant except 
for 1ms. 
        
Figure 7 compares the masked and localised thresholds 
for each source.  It can be firstly observed that the 
localised threshold is constantly higher than the masked 
threshold for all the ICTDs and for both sources.  
However, cello generally has larger differences between 
the thresholds as well as greater mean values than 
bongo.  T-tests were used to analyse the difference 
between the masked and localised thresholds for each 
ICTD.  As can be seen from the results in Table 5, for 
the ICTDs up to 5ms for both sources all the differences 
between the masked and localised thresholds are 
negligible except for 0.5ms for bongo.  For the greater 
ICTDs, on the other hand, all the differences are 
significant for cello while none is for bongo.  This is 
supported by the results of Pearson correlation tests 
performed for each source.  The correlation between the 
masked and localised thresholds for cello (0.327) was 
significantly lower than that for bongo (0.727), as can 
be seen in Table 6. 
 
 
Table 2: Mean value and the lower and upper 
boundary values of associated 95% confidence 
interval of each threshold level, obtained from the 
data for the ICTDs from 0 to 5ms   
   
95% Confidence 
Interval 
ICTD Threshold Mean Lower Upper 
0~5ms 
Masked -9.196 -9.770 -8.622 
Localised -6.636 -7.208 -6.064 
Table 3: Results of RM ANOVA performed to 
examine the main effect of delay time in each 
experimental condition 
Variable Threshold Source F P 
ICTD 
Masked 
Bongo 33.774 0.000 
Cello  8.487 0.000 
Localised 
Bongo  13.938 0.000 
Cello 1.729 0.109 
Table 4. Results of multiple T-tests performed to 
analyse the difference between bongo and cello for 
each ICTD tested 
  p 
Pair ICTD (ms) Masked  Localised 
Bongo & Cello 
0 0.535 0.283 
0.25 0.702 0.617 
0.5 0.228 0.809 
1.0 0.047 0.164 
2.5 0.461 0.302 
5 0.161 0.157 
10 0.439 0.053 
25 0.045 0.008 
50 0.000 0.000 
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Figure 6 : Mean comparison between sound sources for each threshold test 
 
Figure 7: Mean comparison between masked and localised thresholds for each sound source 
 
  
 
 
 
 
 
Table 5: Results of multiple T-tests performed to 
analyse the difference between masked and localised 
thresholds for each ICTD tested 
  p 
Pair ICTD (ms) Bongo Cello 
Masked 
threshold 
& 
Localised 
threshold 
0 0.017 0.534 
0.25 0.043 0.057 
0.5 0.007 0.051 
1.0 0.104 0.164 
2.5 0.113 0.338 
5 0.107 0.052 
10 0.088 0.009 
25 0.246 0.001 
50 0.080 0.004 
Table 6: Results of Pearson correlation test performed 
to determine the similarity between the masked and 
localised thresholds for each sound source 
Comparison Source Correlation p 
Masked vs. 
Located 
Bongo 0.727 0.000 
Cello 0.327 0.005 
Localised threshold 
Masked threshold 
Cello 
Bongo 
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4. DISCUSSIONS 
4.1. Localised Threshold 
In the horizontal stereophonic reproduction, the 
precedence effect suggests that no level attenuation 
would be required of a delayed secondary signal for a 
sound image to be localised fully at the loudspeaker 
radiating the primary signal if the delay time was 
greater than about 1.1ms and below echo threshold.  
However, no such effect was found in the present 
localisation experiment conducted in a vertical 
loudspeaker setup; at all the delay times tested the upper 
loudspeaker signals needed to be reduced in level for 
the sound images to be fully localised at the lower 
loudspeaker, regardless of the source type.  This result 
seems to disagree with Litovsky et al [17]’s result, 
which suggests that the precedence effect would still 
operate in the median-sagittal plane.  However, as 
mentioned earlier, their definition of the precedence 
effect was based on localisation dominance, and 
therefore it is not clear if the sound images were 
perceived fully at the direction of the earlier sounding 
loudspeaker.  Furthermore, no traditional ICTD and 
ICLD trade-off relationship was found either in this 
study.  In the horizontal stereophony, ICTD and ICLD 
would have an almost linear trade-off relationship for 
locating the perceived sound image at a certain angle 
between the loudspeakers, within the region of the 
summing localisation (i.e. ICTD<1.1ms) [7].  That is, as 
the ICTD increased, less ICLD would be required for a 
certain degree of image shift.  However, as can be 
observed in Figure 4 this effect did not operate in the 
vertical domain; the amount of ICLD required for a full 
image shift was almost constant for all the ICTDs up to 
1ms.  These results suggest that pure ICTDs between 
vertically distributed signals would not be effective for 
localisation and this is likely to be due to the lack of 
interaural differences produced by the signals.          
 
At the ICTDs up to 5ms, the localised thresholds were 
statistically constant in the range of -6 to -7dB for both 
sound sources.  This result leads to useful implications 
for designing vertical microphone techniques since as 
mentioned earlier this time range (0…5ms) roughly 
corresponds to the usual range of ICTD between 
microphone signals.  It has to be noted, however, that 
the implications might be limited to the loudspeaker 
arrangement used in the current study and a further 
work is required on the effect of upper loudspeaker 
location on localisation.  In microphone techniques, the 
ICLD or ICTD value that leads to a full phantom image 
shift is important for determining the stereophonic 
recording angle (SRA).  All sound sources located 
outside the SRA of a microphone array would be 
localised at fully left or fully right between two 
loudspeakers.  Therefore, the localised threshold (ICLD) 
obtained for the ICTD of 0ms, which is in the range of 
6~7dB, would be useful for defining the SRA of a 
coincident microphone array used for vertical imaging.  
It is interesting that this range of ICLD is far smaller 
than the usual range determining the horizontal SRA, 
which is in the order of 15 to 18dB [7] [21] [22].  From 
this, it can be suggested that a coincident array would 
have a smaller SRA when used vertically than 
horizontally.  For example, the popular 90° cardioid 
coincident pair having a horizontal SRA of 180° would 
have a vertical SRA of 90° because at ±45° from the 
centre of the array is where the ICLD becomes 6dB.  
This aspect would be mainly relevant to the imaging of 
vertically placed sources (e.g. choir and orchestra), even 
though vertical phantom images created by ICLD tend 
to be unstable and nonlinear in localisation as claimed 
in [16].   
 
Perhaps the localised threshold results would be more 
useful for designing a vertical microphone technique 
that can effectively suppress unwanted interchannel 
crosstalk.  As mentioned in the beginning of this paper, 
the main purpose of the height channels for acoustic 
recordings made in concert halls would be likely to 
provide extended spatial impression rather than to create 
elevated images in most cases.  From this perspective, 
direct sounds picked up by height microphones, which 
is intended to pick up ambient sounds mainly, could be 
regarded as potential disturbing factors for localisation.  
Therefore, in the design of vertical microphone array, 
height microphones should be carefully configured with 
their angles and distances from the main microphones.  
The results of the present study seem to be able to 
provide a useful guideline for this.  If a vertical 
coincident microphone pair is used, the main 
microphone should point toward the target sound source 
and the height microphone should be sufficiently angled 
facing upward so that the resulting ICLD at the source 
direction could become at least 6dB.  For instance, if 
two cardioid microphones are used, then the subtended 
microphone angle should be at least 90° as illustrated in 
Figure 8 (a) due to the cardioid polar response.  If the 
height microphone was spaced from the main 
microphone with the resulting ICTD being up to 5ms 
(distance difference < 2m), the angle between the height 
and main microphones should be determined so that at 
least 6dB of ICLD could be provided as the example 
configurations show in Figure 8 (b) and (c).  From the 
result of the masking experiment, it can be further 
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suggested that if a total masking of the delayed crosstalk 
was required, a greater subtended angle should be 
applied between the microphones so that the ICLD 
would become at least 9~10dB.  Whether this total 
masking would be necessary or not would depend on 
the subjective preference for perceived crosstalk effects 
and this will be investigated in the future.  Additionally, 
omni-directional pattern would not be suitable for 
height microphone since it would not be able to provide 
any meaningful level suppression and the precedence 
effect would not operate in the vertical plane. 
 
It was shown in the results that the localised thresholds 
for bongo had a sharp decrease from -6 to -24dB as the 
ICTD increased, whereas those for cello were kept 
relatively constant within the range from -6 to -9dB, 
being statistically independent of the ICTD.  It was also 
shown that the significant differences between bongo 
and cello were found for the ICTDs of 25 and 50ms in 
both threshold results.  This might be related to the 
effect of source temporal characeteristics in echo 
threshold (to avoid a confusion, the echo threshold here 
is defined as the ‘delay time’ at which separate auditory 
images are perceived, not the level.).  It is generally 
found in the literature that impulsive signals have lower 
echo thresholds than continuous signals [23] [24].  From 
this it is possible to consider that bongo might have had 
lower echo threshold than cello, thus leading to a greater 
localisation difficulty for smaller ICTDs.  This cannot 
be fully confirmed, however, since echo threshold 
measurement was out of the scope of the current study.   
From a different viewpoint, this result might suggest the 
ineffectiveness of transient sound in vertical localisation 
at high delay times beyond echo threshold.  Even 
though the effectiveness of transient sound for 
localisation using ICTD has been confirmed in many 
researches (e.g. [25] [26]), it might be valid only in the 
horizontal domain.  Localisation by transient cue might 
be fully based on the ability of the brain to resolve the 
interaural time difference by such a mechanism as 
‘contralateral inhibition’, which was proposed by 
Lindemann [27] [28].  It might be hypothesised that 
where there are no interaural differences, the transient 
component of sound would become difficult to be 
suppressed perceptually and even result in decrease in 
localisability.  This needs to be further investigated 
through controlled experiments.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Examples of proposed vertical microphone techniques for frontal pickup: microphones in cardioid pattern; 
height channel microphone is angled relative to the main microphone so that at least 6dB of interchannel level 
difference could be produced: (a) coincident arrangement: (b) & (c) spaced arrangements  
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4.2. Masked Threshold 
It is interesting to compare the vertical masked 
thresholds from the present study with the horizontal 
masked thresholds obtained by Barron [29], although 
the experimental conditions used for each study was 
different (i.e. orchestral music signals and anechoic 
room for Barron’s).  Some of his results are depicted in 
Figure 9.  It can be seen that the masked thresholds 
increase as the delay time of the reflection increases up 
to around 5~10ms, and then decrease consistently as the 
delay time increases further.  This suggests that the 
increased delay time had a positive effect in masking of 
the delayed signal up to a certain threshold, although the 
statistical significance of the difference was not reported 
in his paper.  However, this tendency was not observed 
in the present results; the masked thresholds were 
relatively constant up to 5ms before decreasing as the 
ICTD increased further. 
 
   
Figure 9: Localised and masked thresholds of a single 
horizontal reflection obtained by Barron [29]: anechoic 
chamber, musical signal, SPL at 75dB 
 
Another interesting difference that can be observed 
from Barron’s and this author’s studies is that the 
vertical masked thresholds appears to be much higher 
than the horizontal thresholds.  This seems to suggest 
that the perceptual effects of a delayed secondary signal 
in the vertical plane have lower magnitudes than those 
in the horizontal plane.  Eliciting and grading the 
subjective effects of the delayed sounds was not within 
the scope of the current study and therefore it is not 
entirely clear what the main factors to determine the 
masked thresholds were.  However, from informal 
communications that this author had with the subjects, it 
was obvious that tonal colourations and localisability 
decrease were the most salient effects.  On the other 
hand, in Barron’s results the most dominant effect of 
delayed signals in the horizontal plane was reported to 
be source width increase.  In the current study, the 
subjects also reported that they were able to detect some 
degree of source width increase by the delayed signals.  
Although the degree of interaural cross-correlation 
(IACC) is known to determine the perceived width of 
sound image in the horizontal plane, this cannot be 
applied in the median plane, where no interaural 
difference is produced.  Therefore, it is not clear how 
width could be perceived by the subjects in the current 
experiments.  Based on the fact that vertical localisation 
relies on spectral cues for different directions, it is 
tentatively hypothesised that variations in spectrum 
caused at the ears, whose speed depends on the rate of 
the spectral variations of source signal over time, might 
have led to a fluctuation in perceived location between 
the loudspeakers and this effect might have been 
perceived as width increase or localisability decrease 
depending on the fluctuation rate.  This needs to be 
further investigated in a controlled manner. 
 
Similarly to the localisation results shown above, cello 
had higher masked thresholds than bongo, especially for 
the high ICTDs of 25 and 50ms.  This result could also 
lead to a hypothesis that a more transient delayed signal 
would be more difficult to be suppressed at high delay 
times especially beyond its echo threshold.  Although 
the echo thresholds in the current experiment setup need 
to be further investigated, this hypothesis seems to be 
supported by the findings of Damaske [30]’s reflection 
study conducted in the horizontal plane.  He 
investigated the echo threshold for noise pulses as a 
function of pulse duration (10, 30 and 100ms) and also 
measured the masked thresholds for the signals.  He 
firstly found that the echo threshold increased as the 
pulse duration increased.  It was further found that at 
delay times over approximately 15ms a shorter signal 
consistently had a lower threshold than a longer signal.  
For instance, the masked threshold at the delay time of 
40ms for the 10ms pulse was approximately -25dB 
while that for the 100ms pulse was approximately -
12dB.  The fact that a similar phenomenon to this was 
observed in the result of the current study might lead to 
a further hypothesis that the ineffectiveness of transient 
sound in echo masking beyond the echo threshold 
would be independent of the presence of interaural 
differences.  
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4.3. Relationship between Localised and 
Masked Thresholds 
In Barron’s results shown in Figure 9, the difference 
between the masked and localised thresholds was at 
least about 20dB.  The localised thresholds were even 
above 0dB.  This large difference is due to the strong 
precedence effect operating up to the echo threshold, 
which is about 50ms in this case.  However, the results 
from the present study show that the difference between 
the two thresholds was in the range of only 1~6dB 
depending on the ICTD and the significance of each 
difference varied depending on the source type.   
 
At most of the ICTDs up to 5ms there was no 
significant difference found between the localised and 
masked thresholds for both sources.  This seems to 
suggest that the most salient attribute of the delayed 
signal in the lower delay time range might have been 
localisability or image location itself.  That is, the 
subjects might have thought that the delayed signal was 
completely masked at the level at which the image was 
localised fully at the main loudspeaker.  Perhaps the 
delay times might have been too low to cause any 
strongly audible tonal colouration or spatial effects that 
would be hard to be suppressed by the amount of level 
reduction applied for localisation.   
 
At the ICTDs of 10, 25 and 50ms, on the other hand, the 
localised threshold was significantly higher than the 
masked thresholds for cello although bongo still had a 
negligible difference between the thresholds.  This 
means that in the high delay time range, even if an 
image was localised fully at the lead direction by a 
certain level reduction of the delayed signal, the 
subjects could still hear some other audible effects.  The 
difference between the two sources in the relationship 
between localisation and masking is supported by the 
result of the correlation test, showing that bongo had a 
medium-high correlation (0.727) between the two 
threshold test results whereas cello had a low correlation 
(0.327).  To understand the relationship between 
masking and localisation in the vertical plane more 
precisely, the subjective effects of vertically delayed 
signals and their perceptual magnitudes would need to 
be further investigated. 
 
 
5. SUMMARY, CONCLUSIONS AND FUTURE 
WORKS 
Understanding psychoacoustic principles of the 
relationship between interchannel time difference 
(ICTD) and interchannel level difference (ICLD) would 
be important for developing new microphone techniques 
and rendering or upmixing algorithms for vertical 
reproduction formats.  In the current study, two listening 
experiments were conducted to measure subjects’ 
masked and localised thresholds associated with the 
perception of sound image created by the signals of two 
vertically distributed channels.  The masked threshold 
was the level of delayed height channel signal at which 
any subjective effect of delayed signal became 
completely inaudible.  Similarly, the localised threshold 
was the level of delayed height channel signal at which 
the perceived sound image could be localised fully at 
the loudspeaker placed in front of the subject.  Two 
loudspeakers were arranged vertically in the median 
plane, with one at subject’s ear height and the other with 
30° elevation.  In each experiment nine different delay 
times ranging from 0 to 50ms were tested with two 
sound sources of cello and bongo performance excerpts.  
 
To summarise the findings from the present study, 
firstly no traditional ICTD and ICLD relationship was 
observed in the vertical domain; a trade-off between 
ICTD and ICLD for localisation within the summing 
localisation region (<1.1ms) was not possible and the 
precedence effect did not operate.  This result was 
attributed to the lack of interaural differences produced 
at the ears.   
    
At the ICTDs up to 5ms, both the localised and masked 
thresholds were found to be relatively constant and no 
significant ICTD or source effect was observed.  The 
average level reductions required of the delayed signals 
in this time range were in the order of 6~7dB for 
localisation and 9~10dB for masking.  These results 
would be useful for designing vertical microphone 
arrays that are aimed for providing improved spatial 
impression, as discussed with the practical examples in 
Section 3.1. 
 
For both masking and localisation experiments, the 
results for cello were found to be significantly higher 
than those for bongo for the ICTDs of 25 and 50ms.  
The difference between the sources for each ICTD 
under 10ms was mostly negligible for both tests.  From 
this it was hypothesised that a more transient delayed 
sound would be more difficult to be perceptually 
suppressed at the delay times around or beyond its echo 
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threshold, regardless of whether it was originated in the 
horizontal or vertical plane. 
 
For bongo, the difference between the masked and 
localised thresholds was found to be insignificant for all 
the ICTDs tested.  For cello, on the other hand, the 
localised threshold was significantly higher than the 
masked threshold for the ICTDs of 10, 25 and 50ms 
although for the smaller ICTDs again there was no 
significant difference.  The correlation between the two 
thresholds was higher with bongo.  From this it was 
hypothesised that at low delay times the most audible 
attribute associated with the masking of delayed signal 
would be localisability or image location, while at 
higher delay times other timbral or spatial effects would 
become more audible.             
  
In overall, the following tentative conclusion can be 
drawn.  There would be a significant interaction 
between the range of ICTD and the temporal 
characteristics of sound sources in the measurements of 
the masked and localised thresholds of a vertically 
distributed delayed secondary signal in the context of 
vertical stereophonic reproduction.  For small ICTDs up 
to around 5~10ms, source type would not have a 
significant effect.  Neither of the masked and localised 
thresholds would vary significantly for different ICTDs 
within this range.  For greater ICTDs possibly around or 
beyond the echo threshold of the delayed signal, it 
would be more difficult to suppress the effect of the 
delayed signal of a more transient source. 
The present study was the first step to revealing the 
perceptual effects of interchannel relationship in vertical 
stereophonic reproduction.  Future works will include 
elicitation and grading of the subjective effects of a 
vertically delayed signal, investigating the effect of 
elevation angle in the measurements of masked and 
localised thresholds, examining the effects of temporal 
and spectral source characteristics in vertical 
localisation and masking and developing vertical 
microphone techniques.    
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